Shioura KM, Geenen DL, Goldspink PH. Sex-related changes in cardiac function following myocardial infarction in mice. Am J Physiol Regul Integr Comp Physiol 295: R528 -R534, 2008. First published June 11, 2008 doi:10.1152/ajpregu.90342.2008.-Recent awareness of cardiovascular diseases as a number one killer of the middle-aged women has prompted interest in sex differences leading to heart failure (HF). Therefore, we evaluated cardiac function in female and male mice following myocardial infarction (MI) using the Millar pressure-volume (P-V) conductance system in vivo, at time points corresponding to early (2 wk), late compensatory hypertrophy (4 wk), and decompensation (10 wk) to HF. A significant deterioration of the load dependent and independent hemodynamic measurements occurred in both female and male mice during the early phase of hypertrophy. Later, compensatory hypertrophy was marked by a normalization of volumes to control levels in females compared with males. The most notable differences between sexes occurred in the measurements of cardiac contractility during the decompensation to HF. In females, there was a significant improvement in contractility compared with males, which was apparent in the load-independent measurements of preload recruitable stroke work (10 wk post-MI, female ϭ 48.7 Ϯ 8.0 vs. male ϭ 25.2 Ϯ 1.8 mmHg, P Ͻ 0.05) and maximum dP/dt vs. maximum end-diastolic volume (10 wk post-MI, femaleϭ359 Ϯ 58 vs. maleϭ149 Ϯ 28 mmHg ⅐ s Ϫ1 ⅐ l Ϫ1 , P Ͻ 0.05). Despite these differences, there were no differences in the heart weight to body weight ratio and infarct size between the sexes. These data demonstrate that compensatory hypertrophy is associated with an improvement in contractility and a delayed decompensation to HF in females. However, compensatory hypertrophy in males appears to be undermined by a steady decline in contractility associated with decompensation to HF. contractility; pressure-volume loops DAMAGE TO THE MYOCARDIUM FOLLOWING myocardial infarction (MI) is associated with compensatory responses such as left ventricular (LV) hypertrophy and activation of the sympathetic nervous system to maintain cardiac output. Eventually, these changes are inadequate and contractile dysfunction along with subsequent chamber dilation underlie the transition to heart failure (HF) (11, 32).
DAMAGE TO THE MYOCARDIUM FOLLOWING myocardial infarction (MI) is associated with compensatory responses such as left ventricular (LV) hypertrophy and activation of the sympathetic nervous system to maintain cardiac output. Eventually, these changes are inadequate and contractile dysfunction along with subsequent chamber dilation underlie the transition to heart failure (HF) (11, 32) .
There are known sex-related responses to ischemia following myocardial infarction (MI) ranging from symptoms, diagnoses, preventions, courses of disease and outcomes of existing therapies. Women have more diverse symptoms than men, which are the major causes for delayed diagnoses and treatments (18, 29, 37) . Also, women have poorer outcomes for a number of clinical complications such as a non-Q wave MI and invasive percutaneous transluminal coronary angioplasty (16, 25) . Despite these sex differences in incidence, manifestation and outcome, clinical data on cardiac function changes following MI are obscured by numerous baseline differences such as age, risk factors, symptoms, and the presence of coexisting diseases (18, 24, 37) . Therefore, the sex differences in cardiac function have not been well established.
On the other hand, women are known to benefit from the cardioprotective actions of sex hormones which discontinue with the onset of menopause (21, 24) . Estrogen indirectly affects cardiac function by increasing elastin and decreasing collagen accumulation in blood vessels. In addition, estrogen increases the production of nitric oxide synthases, which catalyzes the oxidation of L-arginine to nitric oxide to increase vasodilation (24) . Estradiol inhibits LV hypertrophy, whereas testosterone facilitates it. Even later in life, the prevalence of HF is lower in women than in men.
Animal studies have demonstrated cardioprotective effect in females with a better survival following MI and a slower transition to HF (2, 3, 5, 9, 23) . The incidence of cardiac rupture is lower in females than males due to reduced muscle tensile strength during infarct expansion (12) . There is a sex-related dimorphic response to hypoxia with differences in the translocation of the transcription factor, hypoxia inducible factor-1␣, to the nucleus in females compared with males following MI (41) . In addition, the pattern of LV remodeling in female rats differs with a smaller increase in hypertrophy of the viable portions of the LV, but comparable LV cavity enlargement and systolic dysfunction. Despite similar infarct size, females have less abnormal LV diastolic filling compared with males (21) . However, there are no reports to date of sex-related deterioration of cardiac function in post-MI mice.
Cardiac function is thought to be a stronger predictor of long-term prognosis rather than the extent of coronary artery disease (24) . Thus, our goal was to undertake a comprehensive assessment of sex-related changes in global cardiac function during the adaptive and maladaptive responses in young adult mice following MI, using the Millar pressure-volume (P-V) conductance system in vivo (1, 4, 10, 22, 40) . Thus, a better understanding of physiological and pathophysiological function during the transition to HF following MI in mice will provide the necessary groundwork for further mechanistic studies aimed at dissecting sex differences.
METHODS
Experiments were conducted in accordance with the Institutional Animal Care and Use Committee and National Institutes of Health guidelines.
Animals. Fifty eight 3-4 mo old, sexually mature female and male B6SJL outbred mice weighing 20 -25 g were used: 26 females and 32 males. Six females were designated as control without coronary artery ligation and 20 females underwent coronary artery ligation. There were 2 acute deaths, but 18 (90%) of female mice survived to their respective end points. Seven males were designated as control and 25 males underwent coronary artery ligation. In the males, there were 3 acute deaths, 1 mouse died 1 wk post-MI, but 21 (ϳ88%) mice survived to their respective end points. On the basis of post-procedural inspection, 2 (ϳ8%) males did not develop MI, and an additional two mice (one control and one 4 wk post-MI) did not yield PV loops with an end-systolic pressure higher than 60 mmHg in the open chest configuration, so they were excluded from final analysis. There were eight experimental groups of female and male mice (n ϭ 6): control, 2 wk, 4 wk, and 10 wk post-MI. Mice were kept in a temperature-and humidity-controlled environment with standard chow and water given ad libitum and on a 12:12-h light-dark cycle.
Surgical preparation. Anesthesia was induced with 3% isoflurane inhaled in a closed chamber and an intraperitoneal injection of etomidate (10 mg/kg). After intubation, mice were connected to a rodent ventilator with a stroke volume 0.2-0.4 ml/min and respiration rate 135 breaths/min. A plane of anesthesia for surgery was maintained by delivery of 1.5% isoflurane through a vaporizer with 100% oxygen. Both coronary artery ligations and pressure volume loop measurements were performed under the same anesthesia, and a Zeiss dissecting microscope maintaining aseptic conditions on a heated surgical pad at 40 C.
Myocardial infarction. A left thoracotomy was performed and the left main coronary artery ligated with 8-0 prolene suture 1-2 mm below the ostium as previously described (31, 34) . Myocardial blanching indicated a lack of perfusion. The chest cavity was closed in three layers (intercostal muscles, pectoral muscles, and skin) with 7-0 silk sutures. Mice were gradually weaned off the respirator, and once spontaneous respiration resumed, the endotracheal tube was removed and were placed in a cage on a heating pad until fully conscious.
Pressure-volume loop analyses. A standard 1.4 French pressureconductance catheter with 4.5-mm signal electrode spacing (SPR-839; Millar Instruments, Houston, TX) was volume calibrated by submerging it into heparin-treated murine blood in a series of cylindrical holes with known diameters (1.5 to 4.0 mm) and 1 cm deep. This catheter was inserted into the right carotid artery to measure baseline arterial pressure, then advanced retrograde into the LV to record closed chest hemodynamics with the ARIA Pressure Volume Conductance System (Millar Instruments). Then, a small incision in the diaphragm was made to record baseline open chest hemodynamics and to ensure stability of the preparation prior to recording hemodynamics during thoracic vena cava (TVC) occlusion (14, 17, 31) . Subsequently, parallel conductance was determined by a 10-l injection of 15% saline into the right femoral vein to establish the offset due to the conductivity of structures external to the blood pool (13, 38) . Afterward, mice were euthanized with an overdose of 5% isoflurane, their whole hearts were weighed and used for infarct quantification.
Pressure-volume (P-V) loops were analyzed with the PVAN 3.4 software package (Millar Instruments) with the conversion of relative volume units (RVU) to absolute volume by applying the formula (slope of 3.213 ⅐ RVU Ϫ intercept of 8.867) based on initial catheter calibration. The major hemodynamic parameters collected were heart rate (HR), end-systolic pressure (ESP), end-diastolic pressure (EDP), end systolic volume (ESV), end diastolic volume (EDV), stroke volume (SV), stroke work (SW), cardiac output (CO). ejection fraction (EF), maximum first derivative of change in systolic pressure rise with respect to time (dP/dtmax), maximum first derivative of change in diastolic pressure fall with respect to time (dP/dtmin), time constant of the fall in ventricular pressure by the Glantz method, as the regression of dP/dt vs. pressure (tau-G). Preload adjusted maximal power (PAMP) is the maximum value of power during cardiac cycle over EDV 2 (33) . Arterial elastance (Ea) is an index of afterload (ESP/SV) (30, 40) . Cardiac index (CI) was calculated by CO/body weight and total peripheral resistance (TPR) calculated as mean arterial pressure/ CO ⅐ 1,000. On the basis of the loops collected during the transient occlusions of TVC in the open chest, the following parameters were derived: end systolic pressure volume relationship (ESPVR), preload recruitable stroke work (PRSW), maximum dP/dt vs. maximum EDV (dP/dt max vs. EDVmax). The volume intercept (Vint) represented the x-axis intercept of the slope ESPVR and cardiac contractile efficiency (CCE), is the ratio of external work over the pressure volume area (potential energyϩexternal work).
Infarct quantification. Duplicate 1 mm mid-LV sections were cut and incubated with 1% triphenyltetrazolium chloride for 20 min at 37°C, then fixed in 10% buffered formalin. The infarct size was determined by planimetry of the infarct zone (white) and expressed as a percentage of the total LV area on digital images at ϫ10 magnification (Advanced SPOT Diagnostic Instruments) (31, 36) .
Statistical analysis. The differences in the means were tested using ANOVA. Three-way ANOVA was used to test influence of three independent variables: sex, infarct, and baseline hemodynamic data collected in the closed vs. open chest at each time point post-MI. Two-way ANOVA was used to test influence of two independent variables: sex and infarct at each time point post-MI. The Holm-Sidak method was used for post hoc analysis and to test for statistical significance (P Ͻ 0.05).
RESULTS
Overall cardiac function declined in post-MI mice compared with control mice, which was demonstrated in the series of P-V loops obtained during transient TVC occlusions (Fig. 1) . A characteristic right shift in the loops and a decline in the amplitude of the pressure signal indicated a greater LV operating volume due to dilation of the chamber and a decrease in contractility following MI. During early compensation (2 wk post-MI), the response was similar in females and males with a notable right shift of the P-V loops relative to controls. During late compensation (4 wk post-MI), there was a substantial left shift of the P-V loops in females compared with males. At decompensation (10 wk post-MI), the right shift of the P-V loops was more prominent in males compared with females. Furthermore, additional signs of HF; rapid breathing, cyanosis of the extremities, and enlargement of the spleen and ascites were noted in 10 wk post-MI mice.
On the basis of measurements in the right carotid artery, the mean arterial pressure declined post-MI in both females (control, 79 Ϯ 14; 2 wk MI, 64 Ϯ 12; 4 wk MI, 53 Ϯ 10; 10 wk MI ϭ 60 Ϯ 15 mmHg, P Ͻ 0.05 vs. control) and males (control, 77 Ϯ 11; 2 wk MI, 60 Ϯ 8; 4 wk MI, 71 Ϯ 21; 10 wk MI, 53 Ϯ 13 mmHg, P Ͻ 0.05 vs. control).
The load-dependent hemodynamic parameters derived in the closed chest showed that at 2 wk post-MI, there was a statistically significant decline in cardiac function in both female and male mice compared with their respective controls ( Table 1) . HR fluctuated but was not statistically different among the groups.
ESP declined by 4 wk and rebounded at 10 wk post-MI in females, while in males, it dropped at 2 wk and remained low. EDP fluctuated but increased in both females and males by 10 wk post-MI. Both ESV and EDV showed similar directional changes in females and males, with increases occurring at 2 wk, normalization at 4 wk, before increasing again at 10 wk post-MI. The increase in ESV was comparable in females and males at 2 wk post-MI relative to control, but it was substantially less by 4 wk (females 28% vs. males 50%), before being similar by 10 wk post-MI (females 85% vs. males 100%). However, the change in EDV was similar between females and males at all time points relative to their respective controls ( Table 1) .
The load-dependent parameters of systolic function such as SV, SW, and CO showed signs of improvement in females 10 wk post-MI, whereas in males they continued to decline after a transient rebound at 4 wk post-MI. In particular, SW was significantly better in 10 wk post-MI females, after being significantly worse than in 4 wk post-MI males. Similarly, CI significantly decreased initially at 2 wk and remained low in females, but in males, CI continually declined following MI. The decrease in EF was greater in females, but by 10 wk-post MI, it did not differ between females and males (Table 1) .
Both dP/dt max and dP/dt min demonstrated a significant decline in 2 wk post-MI mice. Both parameters deteriorated to a greater extent in 4-wk post-MI females and were significantly lower than in males. This was followed by a notable rebound in 10-wk post-MI females, and were no longer statistically different compared with controls. Conversely, there was a significant decline in dP/dt max and dP/dt min in post-MI males, which persisted without evidence of improvement at 10 wk post-MI.
Tau-G was elevated in both female and male post-MI mice, reaching a peak at 4 wk post-MI. PAMP showed a greater drop in LV contractility in males than in females at 2 wk post-MI, but then it significantly declined in both male and female mice.
Arterial elastance (Ea) was elevated and significantly greater in 2 wk post-MI females compared with males. Ea then declined in females, suggesting an initial vascular response, whereas in males, Ea remained elevated. TPR increased in post-MI females, but it was not statistically significant. In post-MI males, TPR increased significantly, suggesting that a different vascular response exists between sexes that may contribute to impairment of cardiac function during the transition to HF.
The baseline load-dependent hemodynamics obtained in the open chest prior to TVC occlusion were slightly lower than those collected in the closed chest but showed similar directional changes (data not shown). However, the pressures recorded in the ventricles at 10-wk post-MI in female mice were considerably lower, which may be explained by the absence of negative thoracic pressure compared with the closed chest. Only SW differed significantly in 10 wk post-MI female mice between the closed and open chest baseline data. Conversely, the males demonstrated a greater degree of consistency between the closed and open chest baseline data, as previously reported (31) .
Hemodynamic measurements obtained while varying preload during transient TVC occlusion, revealed significant differences in LV contractility between post-MI females and males (Fig. 2) . In females, the slope of the end-systolic pressure volume relationship recovered to control levels in 10 wk post-MI mice. Conversely, in males ESPVR declined and was significantly lower relative to control and females at 10 wk post-MI ( Fig. 2A) . Likewise, similar differences were also noted between female and males at 10 wk post-MI in other parameters of contractility. Both PRSW and dP/dt max vs. EDV max showed improvement in females by 10 wk post-MI relative to control and a significant difference relative to males at 10 wk post-MI (Fig. 2, B and C) . Likewise, time-varying elastance (E max ) also showed similar differences between females and males (data not shown).
The volume intercept showed evidence of a different degree of compensation between females compared with males. Volumes increased similarly at 2 wk but normalized to control levels in 4 wk post-MI females, which was significantly dif- Data presented are based on pressure-volume loop measurements collected in the closed chest and are presented as means Ϯ SE. HR, heart rate; ESP, end-systolic pressure; EDP, end-diastolic pressure; ESV, end systolic volume; EDV, end diastolic volume; SV, stroke volume; SW, stroke work; CO, cardiac output; CI, cardiac index; EF, ejection fraction; dP/dtmax, maximum first derivative of change in systolic pressure rise with respect to time; dP/dtmin, maximum first derivative of change in diastolic pressure fall with respect to time; tau-G, time constant of fall in ventricular pressure by Glantz method; PAMP, preload adjusted maximal power; Ea, arterial elastance; TPR, total peripheral resistance changes due to infarct. *P Ͻ 0.05, †P Ͻ 0.01 and changes due to gender ‡P Ͻ 0.05. (Fig. 2D) . Finally, CCE representing heart work was obtained during TVC occlusions and corrected for parallel conductance indicated a similar decline in both females (control, 82 Ϯ 2; 2 wk MI, 71 Ϯ 6; 4 wk MI, 72 Ϯ 6; 10 wk MI ϭ73 Ϯ 5%) and males (control, 88 Ϯ 1; 2 wk MI, 71 Ϯ 3; 4 wk MI, 75 Ϯ 3; 10 wk MI, 69 Ϯ 4%, P Ͻ 0.05 vs. control) following MI, but only declined significantly in males by 10 wk post-MI.
The infarcted area expressed as a percent of the total LV, showed that infarcts consistently greater than 40% were created at all time points, although slightly higher in females than males (Fig. 3A) . To relate the global cardiac function to LV hypertrophy, the heart weight-to-body weight ratio (HW/BW) was calculated as an index of cardiac hypertrophy, which was similar in both females and males mice by 2 wk post-MI. However, the increase in the HW/BW ratio remained steady in the females, whereas males showed a trend to continually increase at 10 wk post-MI compared with their respective controls (Fig. 3B) .
DISCUSSION
To our knowledge, this is the first assessment of the sexrelated changes in cardiac function during the compensatory hypertrophic response, and decompensation to HF following MI in mice using the Millar P-V loop conductance system in vivo. Our hemodynamic data obtained in the closed chest compared functional changes in more a physiologically relevant context with normal intrathoracic pressures, but transient occlusions of TVC in the open chest were necessary to evaluate LV contractility. The baseline hemodynamic data obtained in the closed and open chest were not significantly different, but they did show an interesting dichotomy in females at 10 wk post-MI, which suggested a delayed decompensation to HF. This may be due to a relatively smaller chest cavity in females and that surrounding structures may aid load-dependent function of the dilated heart. Although a similar early compensatory response occurred in females and males, the late compensatory response differed with normalized ESV in females compared with males. Although some parameters did not reach statistical significance among the groups, their variability could be attributed to the individual responses to large infarcts of more than 40%, heterogeneous changes in LV geometry, nonlinear electrical properties of infarcted myocardium, and the potentially confounding effects of anesthetics necessary for invasive surgical procedures. Nevertheless, despite these potential limitations, we observed no differences in heart rate between sexes, and we believe our data highlight relevant physiological differences in cardiovascular function between females and males following MI.
Overall, the major P-V loop-derived parameters indicated deterioration in LV function in both female and male mice following MI. The overall decline in LV function appeared to result from an initial significant decline in systolic function at 2 wk post-MI, before evidence of diastolic dysfunction, which was more evident in females at 4 wk post-MI. There were notable rebounds in the ESV and EDV, which occurred at the 4 wk post-MI, before they declined further by 10 wk post-MI, which were also reflected in PAMP, representing the LV contractility derived from load-dependent parameters (33) . This apparent improvement may be due to beneficial effects of compensatory hypertrophy, as well as scar formation and stabilization, which have been shown to occur in rodents at 2-3 wk post-MI (20) . However, the compensatory responses associated with LV hypertrophy appear to differ between females and males. Thickening of the wall with a normal LV chamber diameter occurs during compensated hypertrophy, which is followed by an increase in the ratio of the chamber diameter to wall thickness during decompensated hypertrophy (20, 24, 32) . Gender-related differences have been described in the extent and patterns of LV remodeling post-MI. Generally, there is attenuated hypertrophy in females with a lower incidence of rupture, lower rate of infarct expansion, and reduced thickening of the noninfarcted wall, which contribute to better LV systolic function and a better outcome during the development of HF (5, 24, 39) . This attenuated remodeling has been credited, in part, to the cardioprotective effects of female sex hormones. Ovariectomized rats develop comparable remodeling and LV dysfunction, as males with volume overload, and while estrogen replacement reduced infarct size, it increases ventricular remodeling and mortality post-MI in mice (3, 28). We found that infarct size measurements did not differ between females and males and that HW/BW ratios were similar. Thus, these data suggest that despite similarly sized infarcts, chronic compensated contractile function is associated with adaptive remodeling in females, whereas a continual decline in contractile function is associated with maladaptive remodeling in males.
The P-V loop data derived in the closed chest are dependent, to some extent, on the level of arterial pressure, which influences intrinsic cardiac function and are also influenced by the peripheral vascular and neurohormonal mechanisms. Alterations in both cardiac and vascular properties occur to maintain blood pressure and flow in disease states, making it difficult to assess the relative changes in each system independently. To evaluate the effects of MI on cardiac contractility, TVC occlusions were preformed to alter the loading conditions and assess whether there was a sex-related response in the regulation of intrinsic contractility (14, 30, 40) .
The work performed by the heart is confined within the boundaries defined by end-diastolic pressure volume relationship and ESPVR (26, 27) . The slope of the ESPVR significantly declined by 2 wk post-MI and then nearly recovered in females, whereas ESPVR continued to decline in males. PRSW represents the slope of the relationship between SW and EDV and has been described as being independent of chamber geometry and is sensitive to chamber contractile function (10, 26, 27) . Likewise, dP/dt max vs. EDV max permits analysis of the change in pressure rise over time at a given EDV, thereby allowing examining of contractility independent of preload. Both of these indexes of cardiac muscle contractility (PRSW and dP/dt max vs. EDV max ), demonstrated a sex-related difference in 10 wk post-MI mice during the decompensation to failure. Despite the activation of neurohormonal compensatory mechanisms, myocyte contractility is depressed in the infarcted heart, partly due to dysregulation of excitation-contraction (E-C) coupling (8, 15, 19) . The expression of key proteins and the signaling components involved in E-C coupling regulation differ between females and males and are associated with slight functional differences (6) . A greater abundance of L-type Ca 2ϩ channel protein and dihydropyridine binding sites in concert with larger Ca 2ϩ current density (I ca ) have been reported in female myocytes (6, 35) . Expression of several calcium-handling proteins appears to be selectively regulated by estrogen, but the contribution to basal and pathologic contractile function is unclear (7) . However, deletion of the estrogen receptor (ER), mainly the ␤-receptor isomer, induces alterations in the ECG parameters post-MI. Prolongation of ventricular repolarization (the Q-T interval) occurred in the ␤-ER-deficient female mice, suggesting that estrogen plays a role in maintaining the autorhythmaticity of the female heart post-MI (23) .
Our study provided an examination of cardiovascular function changes during the transition to HF following MI, in female and male mice. P-V loop analysis was used to quantitatively assess global function and revealed a decrease in systolic function despite late compensatory hypertrophy post-MI. Interestingly female mice, demonstrated an improvement in systolic function and contractility by 10 wk post-MI compared with males, indicating that a sex-related basis underlies the physiological and pathophysiological regulation of cardiovascular function during the transition to heart failure.
Perspectives and Significance
A great deal of our understanding of sex differences in HF is based on postmenopausal women with HF, without the cardioprotective actions of estrogen. While our study used young adult female mice, the prevalence of HF in young women due to cigarette smoking, physical inactivity, inappropriate diet, diabetes, hypertension, dyslipidemia, and metabolic disorder is increasing (24, 37) . As such, appreciating the sex differences in physiological function in small animal models that allow for specific genetic alterations in either the heart or vascular system, could contribute to earlier diagnosis, treatment, and/or prevention of HF in women.
